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A comprchcnsivc  cxpcrimcntal  and tlIcoI  ctical WOI k has bum
conducted in oIdcI 10 optimiz.c  the tllc[l~loclcctlic  pI opcI tics of
Six,(;cz(,  II}atcl-ials a]ld reach  the  [;oal  of a mmbincd fIgllIC  [)f

merit value of 0.85,10-3 K-l avcrap,cd  over a 600-1000 C
t cmpcratu[c  Iangc. lmplovcmcnt f~)l tllc n-type matcl ial has
been obtained by ddcmining  the optimum amounts  of g,allium
an(i phosphorus dopants  ncccssal-y  to achicvc  optimum cal rim
mobi]ity  and comcntl ation. ‘1’lIc  cmphdsis is now 011 the
consistent rcjJlo({\lciLlilitJ~  of these lcsults  through (It](lcls[ail(lillp,
and Cmll”ol of the h o t - p r e s s i n g  pti IaInctc  Is Iclatin:l
]))icrosttllcll]fc and compc)sition to the t[ anspol t pIopcr tics. “1’hc!
optimum clopinglcvcl  has nowbccn  ilmly  established fot p-type
materials, ad work is mnccntIating  on the lcduclion  in thufnal
c o n d u c t i v i t y ,  IIN ultra fine pal-liclcs have km succcssflllly
incorpolatcd  into flllly dcmc samples and have I csultd in dcsid
imp] ovcmcnt of the figu]c of merit. Stlm:,ly anisotl epic
clcctl-ical  pmpcrtics  have also beet] discovcfcd  and aIc linked  to
the hot-pressing pmccss of such Lilt  I a-fine paI liculatcs.

lN’I’I?O1)II(:’1  ’10N”

A  s u b s t a n t i a l  cfTc)It i s  underway at lmlh ‘IICIIUO’I’ICX
(kwporaticm (’1’’1’(:) and the Jet l’lopulsion  l.abolato]-y  (J]’]) to
fillalizc  the optimization of the tl]c[ll~oclcctlic  [)lopcl[ics of
silicoll-g,cl-lllallilllll  (Si(ic) alloy suscd  in space power applications
at tcmpcl-atul-cs  bctwccn 300 ad 1000 C [1]. lIIIIJIC)\JCIIlCIItS  of
n-lypc materials have fxmscci  on dcte]mininp, optimunl  callicl
c.onccnti aliens, using, small additions of gallium ((is) as a way to
cnhancc  the soli(i volubility and the cfl’cctivcncss of phosplIoI us
(1)) dopanl  in Si80(ic~0 (SiGcKial’).  It has bccll  dcmmtlatcd  at
both ‘1’’1’C and J]’]. that values of the figLIIc of mc[it,  Z, as l~igl} as
1 ~ 10-3 K-l could  bc achicvcd  in this tcmpcraturc range. h401 c
lcccnl  studies have attempted to Iclatc tIanspoI [ pI opu  tics to



Illiclostl-llctlllc and composition in a cflol-[ [0 reproducibly obtain
such large ilnp] ovcmcmts  (2 S-30°/0) Ovcr  stan(iard l)-dopd only
SiGc (SiGc/J))  and b a s e l i n e  2  mOl’-YO  (ial) dopd  SiGc (n-
h401J/1<”1’(i),  lkwdopmcnt  ofp-typcalloys  has conccntl-atcd  on
rducing  Ihc thcmal COmiuctivi{y,  as optimal (iOping level [2]
can be readily achieved using boron (11). h~ost of the wmk was
conducted at ‘1’’1’C wlIcIc  a novel tcchniquc  to pl-cpate ult[a fine
pal-( iculates has been dcvclopecl [3]. ‘lIc addition c)f inert
scattming  centers into p-type  samples (SiCic/11)  is expected to
result in a 7, value of ().7x1 0-3 K-], at} improvement of 40°/0 ovcl-
mrrcnt Iy produced  malerial  (p-h401  )/l{ ’J’(i) al~d 15-20°/0 OVCI
optimally doped samples. SUCJI rcs[llts on both n- and p-type
Si(ic  wmld  translate in a combined Z value of 0.85xl O-s K-]. WC

will Icpol-t  in this paper on prOgI-CSS made towal (1s these goals

N-’1’YI’II SiGdGal’  A1,1OYS

‘1’hc systcmat  ic plcpat-ation al “1’’1’C of hot-pl-cssed samples with
l’:(i~ atomic Iatios lat]~ing from 6:1 tc) 1:1 with a total  1)

conccnllat  ion valicd  bctwcct]  2 an(i 3 al . O / O  Icsulted  itl t h e
dctcv  mimtion of optimum conditic)ns fbl achieving best elect]  icjal
propcr(ies  of n-type Si(ic/Cial’  material. Since 1989, 1P], aid
‘1’1(~ conducted an extensive cllalactcli~atioll  of these samples
and the chanp,cs in electrical Icsistivily, 1 lall  mobility, calricl
col~ccnt  ration and Sccbeck croc~lcicnt  w i t h  v a r i o u s  h i g h
lcI~~pcI  atulc heat Ilcatmcllt conditions. IJctailcd analysis of
l~liclc)stlltctlllc  am{ composition variations undcl-  these conditions
have also been callicd  cmt. IIlusttaticms  of these results arc
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I;iS, 1 1{0011)  tcmpcratlllc  hall mobilily of n-ly}m Si(ic matm ials
as a fLInction  of carrier cwncmttation:  optimum clcctl-ic.al
pI opcdics ncmssary 10 achicvc hip,h fip,ui”c  of remit values
am t~if$lightcd.

‘J’hc large calricr concrcntl-ation  incmascs obtaind  by h e a v i l y
(iopin~  hot-prcsscci Si(ic samples with scxwal  (Iopants SUCI)  as
Ga, l’ and Ashavcbccn  instmmcntal  il~tl~cilll~>l-c)vcl~lcl~t  of’the
powcf  factor (Scckk cocfllcicnt  squalc(i  at](i  (iivicicxi  by tile
clcctricai  mistivily).  lly(ic~[lbiillp,  tl~clatlgcoflootll  tcmimatulc
c.ar!icl-  concentrations attaimxi with l’-oniy (ioping (figul”c 1),
o p t i m i z a t i o n  of the cicd]icai p]oi~cl(ics was ma(ic possibic.
SilllllitaI]cotls(iolJillg with a(icquatcatomic  c.onccntlations  of(ia
and 1) muitd  inui)to  300/0 incrmasc in powmfactol  ovw n-type
MOIYJ{’I’G  matwiais (figLIIc  2). ‘1’i~is  is mostiy (iuc to a shatp
(icucasc.  in tk clwtricai  lcsistivity ovcl” t h e  300-1000(:”
tcllli~clat~ll-cl  -al~gc( tli>to450/0)c  ot~ll]it~c(i  witi~a smaiicI  (icclcasc
in the Se.cbcck cocfllcicnt  (up to lSO/O), as seen in l~~,LIlc  3
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600-100  (J(Iirltcg,ralcd  avcragcix)wc] ficloI oflcccnt  II-
typc Si(ic/(ial) sami>icx v~[.sl]s irltcp, ratcxi  avcrap,c
eicctricai  rcsislivity.

‘1’iIc  cxpclimcnlaiiy  foumi optimai Ioom tcll]pcla(~llc cicxtricai
p[oi>cl~ics  alc highli~i]tcxi  o n  figulc  1 at](i  consis! of a )  IIaii
mobility langing  f r o m  4S 10 40 cml~,\~-l.sL;  b )  carliu
conccnt[  ation tmtwccn 2.S an(i 3,0x1020 clw3; c) cicctricai
msistivity bctwxm 0.55 an(i 0.52. xI O-3 fl. cm.
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l~ig. 3 600-1000 C intcgtatcd average p]opw[ics  nomaliwxl to
h401 J/1<’l’G values: powm factoI”  of’ 1 uxnt  n - t y p e

SiGc/(ial’ samplm vcIsus  clcctl-ical  Icsistivity.

‘lo obtain these propel-tics, the l’:Ga ratio must be dose to 3:1
with a (ia Concentration  on the oIdcr of 0,75 al, O/O. ‘]’hc miilimal
LII ail] si~,c IIcc,cssa I y to aC]~icvc tlICsc  lligll  mo[)ili~y values h a s.,

beet) found 10 bc abmt 20 to 30 IIIH.

WC  have ICpOI-tCd previous ly  that dcclcasc of mobility  with
call icr cone.cn!l at ion for these heavily doped  Si(ic/(ial)  samples
lvas no! aflkdcd by the additions of Ga, a potenlial  acxcptol
inlpulity  [ 1], WC attlibutecl this to the natulc of the (is-l’
interaction I csulting  in the cj]cati On of Ga-l),, mmplcxcs, thus
pI cvcnting  Ga from actinc  as a compcnsatol  and dc.~radinp,  t h e
mobility. Rccmt  rcsul(s on h e a v i l y  l’-only doped  sall~plcs
pI cpaI&l by mcchanicfal  alloying and subsequent  hot-pressing
tuivc  cc)nfinnd  this theoretical explanation [4]. ‘1’hc authois
IcpoIlcd  camiel  conccntiation  a s  hif~ll a s  3,tk107~J  CHN-3;  t)lll I1O

dilYclcncc  in IIall m o b i l i t y  values compared  to OUI-  Si(ic/(ial)
sal~lplcs  with similar doping  levels. ‘1’llis(lcl]lollstlatc(l  that point
dcfcc! scatlcrin~~  is solely responsible for the lowm mobility
VHIIJCS obtained in optimized heavily doped SiGc/Gal).

In fip,LIIcs 2 an(i 3, it is dear that low electrical Icsislivity  values
systematically resulted in high pOWCI- factor values, Also, thC
nlap,nitude  of the Icpmducible inlpmvcmcnt  is now about 20°/0,
as lalgcl- values can be obtained but ale dimcult  to duplicate  Witl]
the cu[lcnt  pmccssinp,  conditions, Such implovcment  havclmcn
Iccmtly confilmcd on mechanically alloyed Si(ic samples, using
sitni]al-  1) and (ia doping  conumtiations  and with ‘20-50 1(II1 glain



siz,c  [5]. ]ndccd,  tllc succ,cssivc  hip,h tcl])pcratulc  llcat tlcatmcnts
Id 10 eventually (Icgradcthc  clcdricfal propm(ics,  but they arc
s t i l l  ncczssal-y to c.ImIw sufllcicnt  grain growth  and dopan(
redistribution in the samples. ‘1’0 remedy to these diflicmltics,  the
CmI-Cnl l m t - p r e s s i n g  p a r a m e t e r s  wm dangcd  to obtain
substantial grain g,rowlh in situ, ‘J’his can bc achicvcd  through
]OJlf;Cl” ]lJ”CSSiJl~ t i m e  and/or higlm pJcssin\: tmpcraturc.
IImvcvcr,thc]oss  of(lo~~alltillvaclllllll  will incrcasc and must hc
monitored torcmain  at dcsirablclcvcls,

III thcs landad llot-~~lc  ssi!l~l )locc.(llll-c,  samples alc pIcsscd at
1150 ~ for 4 hours.  Several ncw samples WCJC fablicatcci at
tclllj>clatllrcslll>lc)  1250( Ifol-tilllcsa  sl(Jllp,as  8 hours, Samples
were doped with 3.0 at. O/O 1 ) and 0.75 at, O/O (is. sliN4/l:l)s
results slmwcd that the (lopant was rclaincd CVCII under the most
a,pfycssivc  pressing, conditions. ‘1’hc nliclostlucturc of t h e
samples pIcsscd at 1200 (; and 1225 (~ is very similar to the onc
of samples plcparc(l  with the standard conditions and heat -
tIcatcd ill ail- at these VCI y same tcmpmatul  CS. 1 IOIVCVCI  dopant
Iosscs ad porosi!y alc n;uch ]owcr fol the sample.s pmpalcd  by
t hc mmiificd  hot-pressing pi occ(iuI  cs. l~lol)l  100111”  tclnpcl atlll”c
1 lall cflcd  mcasurcmcnts,  the variations of the 1 lfill mobi]ity
(mrmalizcd  to the “top mobi!ity”  value relative to its calricl
C(>llcclltlalioll)  with plcssing  conditions is plotted on figu I c 4. It
is clear that higher pJcss tcmpcratulcs and lonp,cr  Iimcs rcsull in
i]nprovcd clfxlrical plopcrlics,

1.10

1.00
>
=
‘< O.$UJ

E
& 0.80
>.-
= 0.70

E
0.60

0.50

Z?mlYl
,’,

1MX741.4

)KnKl  MaJwkils

1 2 3 4 5 6 7 8 9 10 11 12

Sapk! Scqmcw (as-fmsstxr)

‘ig. 4 1 mpmvcmcnt  of room tcmpcratul”c 1 lall mobility with
highcl  pI-CSS tcmpclaturcs an(i longcu press times.

Sim.c the first impmvcd SiGc/Gal) samp]cs have been obtaillcd,
here has been a pcl-sistcnt  woIry in the SiGc community that



Ihcsc high figure of merit values would  not hold with lime, Ihc
improvctncnts d i s a p p e a r i n g  aficr a shmt pcrid. ltdccd w h i l e

acknowlcdgin~ a  n o n - s t a n d a r d  b e h a v i o r ,  it h a s  bfxn found by
scvcl-al  authom that SiGc/Gal’ MO] M{’1’G matcriai  was infcrioI
to slamlar(i l’-dopd  SiGc in tlm high tcmpcratum range [6].
1 lowcvcl. suc,h h401M{’1’(i  matcriafs do Jm[ prcxat  a n y
substantial impfovcmcflt ifl Z ovcx standarci samples, ad the fcal
Icst shou ld  [m done w i t h  hi#l powm factor impfovd  SiGc/Gal)
salnplcs
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\jlC~~Cli~vC  ~llatt}lc  salllclllcc,llallisllls that Icsultcd ininm.ascd
1’ solid solubilily anti 1’ clcdrical activity will also imp!ovc the
dopant  precipitation data, pmvicld  that optimal l’:(ia ratio was
met. l(igUI-CS S (a), 5 (b), 5 (c) an(l 5 (d) (iisplay  lhc mults  of
long term msistivit y mcasumncnts  clone in isothcmal  fill naccs at
l-csl~cctivct  cllll~clat[llcsof  450(;  ,600~, 800(;  and 1000(:.
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l;ig,5 IX3pant  plccipitation  stll(iyofillll}lovc(l  n-type SiGc/(ial’
sal]lp]cs compfircci  to  s tandard  l)- d o p e d  only Si(ic
samples: data aflcr 8636 houmat  tcmpuatulcs  off150 (~
(a), 600 C (b), 800 C (c) and 1000( (d)



WC alrca(ty I-CpOItCd [7] mults on Ihc chang,c of rcsistivity  CWCI-
timc obtaind  aftu 1850 houm showing, that the SiGdGal)
samp]cs retaind  their much lower clcclrical  rcsistivity  (cxccpt  at
600 ~ where values alc VCI-y CIOSC togcthc[). No significant
chanp,cs have altcl-cd  these good Icsults  aflcr mot-e that]  5600
l~mIIs,  since at 450 (; and 1000 (; the rates of rcsistivity  inc]casc
alc still  s~lt~stalltially  la[g,crfor standard SiGc/l)  samplcsj  while at
600 ~ and 800~ thcscratcs  are almost identical. ‘J’hcscrcsults
confirmed that the substantial improvcm.mls  in pc)wcr factm WC]
the cntil-c  tcmpcra!urc l-an,gc al-c retained up 10 now, especially
for the most heavily-dopd samples.

l’-rJ’Yl’Jt  Si(;c/11 Al ,I,OYS

1 n order 10 rcducc  the thermal c(~fduct  ivit y as much as
p[)ssi[~]c,  a IIWJ phonon  scattcjing  m e c h a n i s m  m u s t  bc adcicd 10

mvcr the “gap” in the phOncm frequency spcdmm Icft bctwccn
point defect high ficqucncy  plmnon scattering and hole-phonon,
l~i-ain bOul]dal-y  10w  frcquc[)cy phonon scattcl-ing. ‘1’I anspoI (.>

p]opcr[ics  IWXICIS h a v e  prctiictcd  t h a t  t h e r m a l  mndudivity
Vall]cs ~OO/o  ]OWCI- c,oul(j t>c {~t~tai]lcd by adding  appmp]iatcly

sixd partic]cs to act as scattering ccntfxs  fOr tlmsc intcmdiatc
ficqucncy  phonoIls  that c(~n(iuct  mmt of the heat thmugll  the
lnatcria! [8,9]. ‘1’hcsc paltic]cs  shoulc{ bc almut 50A in diameter,
atld their concentration shmld bc clOsc tO IOIG cm-3. A lal-p,cr-
Icxluction in the thcmal  conductivity is mpcctcd  fol the p-ty}m
material than for the n-type matclial since the thermal
conductivity reduction in n-type matcl-ial  (iuc to carIicr-phonon
scattcrillgis  latgcrtl~a!ltl~  cl-c dllctiol~il~  p-typcmatcrial.  lJp [Intil
now, it has not been possib]c  to prducc such a particulate size
and then incoqmratc it inside the grains of a SiGc a l loy .
IIowcvcr, a novc] spark crmion apparatus has IIOW made this
p o s s i b l e .  l)lt[a fine pow(ic  Is of Si(ic and that of an incli
scaltc]ing  ccntm can IICNJ bc prcxiuccd,  mixd and h o t - p r e s s e d
into f~llly  dense samples.

‘1’hc results obtained for samples fablicatcd  with additions of
lIN and Si3N4 scattc]ing ccntcm rcspcctivcly  a!c prcscntcd  on
fig,LIIc 6 ad compared with the theoretical pl-cdictions. “J’hc
sample with Si3N4 had a thermal conductivity about  30°/0 ]owcr
[Ilan p-h401}/J{rl’G  material, while the sali~plc  with the IIN
pariiculatcs  only had a 150/0 lowcrvaluc.  Jlowcvcr, the sample
with Si3N4 additions had a much ]owcr carrier cone.cl~tration
bccausc’  90?40  of lhc 11 dopant  was lost when it Icactcd  with
Si3N ‘{ ‘1’hc sample with IIN ccntcrs was more heavily doped
than p-h401)/R’l’G , and cmnparison  with optimally doped
SiGc/11 samples showed a 15’%0 impmvcmcnt  in the figure of
mcl-it, solely (iuc to lower thcmal conductivity (same power



factor). I’]ansmission microscope analysis rcvcalcd IIN CXMtcrs
with diameters of  50-200A insi(tc Si80(icz0 glains  typically 2 }~m
in diamdcr. ‘J’hc cs[imatwi  volume fraction of I]N centers was
only 2°/0, Iowcr than the dcsird 6°/0, but cxpcrimcmtal  thumal
cc)ll(illct  ivilydata lvasillg,oo[l  aflrccmcmt  with l>]c(lictcclval~lcs.
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l;i~6  ‘1’k thmmal  mn(iuc,tivity  of fine part iculate p-type Si(ic
salnp]cs  wit}) a d d i t i o n s  of v a r i o u s  sca(tming CXIItCI-S

compalcd  to p-MO1l/R’l’G material,

Rcvxmt work focused oll c~~alllatitlg  lllorccoll(lllcti~~c  scattering,
ccwlm  in oldcl”to  Fdblic,atc  sal]ll~lcsfioilll~lc]l(lcd clcclmdcs.  IIy
mixin~,lhc  scaltming  cxmtm  at]d the SiGc in an mosion  clcdmcic,
the potmtial for agglomeration of the 50- I(IOA scattering
inclusions into lalgc clustcm has been minim i7, cd. 114C was
chosen as a potential candid atcbasd on tl]cll]lo(iyllalllic analysis
ofitss[ability  ]dativetol],  Sian(i  (it,

While evaluating this sample, significant discrepancies wcm
found in the moII} lcmpc]atu[c clcctlical  rcsistivity  mcasud on
bulk sarlll>lcs(fo~]l-jJoiTlt  l~][)l~cl  ]lctllc)({)a ]l(illlill sliccs(Vanctcl-
l’auwmcthod).  llcca~lsct  l~is(liflcicIlcclv  aslalg,cltlla  llcc)lll(lt)c
cxpcctcd f rom just hip,h tcmpcratul”c qucnchinp,  cfkcts  (dopant
precipitation), it appcad as if the samp]c was gcomctlically
anisotmpic.  lndd, mcasu!mlcn!s ofbulk  samples (12 mm long
and 12.7 mm in diamdc,r) al-e. c,onductd  parallel to the prcssin!,
dil-ccjtiOn w h i l e  mcasulmc]~ts t)y the \~an dcr l]auw mdhd On
thin slices (1 mm thick ad 1?.,7 mm in diameter) am condLIctcd
perpendicular tO the pl-cssitlg direction Subscqumt examination
ofthc lllictt~strllc.tlllc  Icvcalcd  a highly anisotropic  stmcturcwith



very lcmg and narrow gyains similar to stacked plates observed in
the pcqmndicular  dimdions.
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l;ig, 7 l’erpcn(iiculal to paralld anisotlopy  r a t i o  o f  tllc
thcrmoclcdric  plopcr[ics of a fine palticulatc  hot-pressed
p-type SiGc sample (mcasurcmcnts  al c usually (ionc
parallel to the pressing direction).

‘J’llis gcomctl-ical  anisotropy  of an otherwise isotropic material
(Si-(ic  alloys have a cubic  stILIctLIrc) lcdds 10 a significantly
hi:,hc[ m o b i l i t y  ad Iowcr  e l e c t r i c a l rcsistivity in the
pmpcndicular  ciircclion IIccausc the mobility is  the main
l]-ansport pmpcr[y  aflcdcd b y  t h i s  cflcd, t h e  r a t i o  bctwcct~
clcdrical rcsistivitics  in the parallel ancl pclpcndicular  directions
is translatc(l  almost directly into the figure of mclit. liiglllc -/
illustrates the resulting relative incrcasc in Z fbr this par[iculal”
sample (maximum Z v a l u e  incrcascd  f r o m  0,4~ 1 0 - 3  K-1 to
0.57.10-3 K-]),

1 IXaminat ions of previous samples show (ii fl’crcnccs also
existed, ad could bc much largct-. in the past, these difTcIcnccs
had been attrilmtccl  to diflcrcnccs  in the quenching proccdul”c  fol
thin slices and  hlk samples. Work is ongoing to fl]l thcr quantif>’
the  cxtcnl of th is  rcmarkab]c  anisotropy  and to dctcrminc the
fi~,urc of merit of several samples in the pcrpcndimlar di] cdion.

COIVC1J1JS1ON

Systematic cxpcrimcntal  ad theoretical studies on n-type
Si(id(ial)  materials at both “J”lT ad .I1’1.  have rcsultc(l  in
(ictcrmining  the ran:,c of micmstructurc, composition, dopin:,
ICVC1 and e lec t r ica l  propcr(ics ncccssary  to achicvc  impmvcd



.

pmvcl’ facto]’ Valllcs. 1 ;xpcrimcnts  arc now in prc)grcss to
optimize the hol-pmssing  process and obtain these oplimal
I>alalllctclslv  itl]al)liilil)lal  alllolll)l  ofl]cal tlcallllctlts.  (urrcntly
lcl>loclllci(llc~,valllcs  arc 0,9 fern-type SiGc/GaP. optimizaticm
of t h e  doping  lcvd of p-lypc  Si(ic malcl-ial  h a s  rcstlltcd  in
rcprmluciblc  Z values of 0. S6-0. S9. Addition of ultra fine lIN
par[idcs  to lowc] Ihc lat{icc thermal conductivity succcdcci in
iwdcasing  Z l]p to 0.70.
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